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In this paper, the bilayer Mo films with a constant thickness were deposited by direct current and direct current (DC/DC), radio frequency and direct current mixed (RF/DC) magnetron sputtering, respectively. Changing thickness ratios of bottom layer to total thickness of bilayer film in the range from 10% to 50%, ten types of bilayer Mo thin films were deposited. The purpose is to improve the photo-conversion efficiency of Cu(In, Ga)Se 2 (CIGS) solar cells by changing the sputtering modes and thickness ratio. The microstructures, electrical and optical properties of the bilayer Mo thin films were characterized by scanning electron microscopy (SEM), X-ray diffraction (XRD), atomic force microscope (AFM), Hall Effect measurement system, ultraviolet-visible spectrophotometer (UV-vis) and four-point probe resistance system. It was found that with the increase of thickness ratios in two sputtering modes, both the crystallinity and grain size decreased, while the reflectance increased. Especially, when the thickness ratio was 40%, the resistivity of Mo film prepared in RF/DC mode was as low as 3.365 ×10 -5 Ω·cm and the highest reflectance was above 60%. Using this optimized Mo thin film as electrode, the highest photo-conversion efficiency for the CIGS thin film solar cells was as high as 11 
.5%. © 2018 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY
)
I. INTRODUCTION
Molybdenum (Mo) thin films have many excellent properties, such as outstanding electrical conductivity, tuned adhesion on glass by changing sputtering process parameters, and the formation of ohmic contact with CIGSe via unintentionally induced adventitious p-MoSe 2 interfacial layer, which have rendered Mo advantages over other investigated metals. 1, 2 In addition, Mo thin film affects the out-diffusion of sodium (Na) from soda lime glass (SLG) substrates and iron (Fe) atoms from stainless steel substrates to the CIGS absorber. [3] [4] [5] [6] [7] [8] [9] [10] It makes Mo an impeccable choice of back contact, not only for the established CIGS quaternary material, 11, 12 but also for the industry standard for novel selenium-free absorber layers, such as Cu 2 ZnSnS 4 (CZTS), 13, 14 CuSnS 3 (CTS) and SnS. [15] [16] [17] [18] [19] Processing parameters in-turn affect the residual stress, electrical resistivity, optical reflectance and adhesion with SLG. 20 Therefore, an optimization process is necessary to improve the performance of solar cell.
In order to obtain thin films with good conductivity and adhesion, Scofield et al 21 studied the bilayer Mo thin films, which consisted of a bottom layer sputtered at higher sputtering pressure for better adhesion to the substrate and a top layer sputtered at lower pressure for better conductivity. Since then, many studies have focused on the effects of processing parameters on the bilayer molybdenum films, such as the working pressure, sputtering power, substrate temperature, annealing temperature and the discharge power source types. 22, 23 However, many researches mentioned above have paid great attentions to the balance between good adhesion and conductivity, but few to the balance between conductivity and reflectance. Actually, the reflectance of Mo back contact layer is also very important to the CIGS, CZTS and other solar cells, because the optimization of back reflection of solar cells can provide non-absorbed light a second chance to be harvested by the active cell layer. Thus, higher reflectance can improve their efficiency. 24 In addition, among these reports, the thickness of bottom layer is also random and the total thickness is uncertain. It is known that the performance of the films will change as the thickness of the bottom layer is altered in the bilayer or multi-layer films. 25 Therefore, changing the thickness ratio of bottom layer to total thickness will have great influences on the performance of bilayer films, such as electrical properties and optical properties. 26 However, to the best of our knowledge, the influence of the thickness ratio of the bottom layer to total thickness on the conductivity and reflectance of Mo thin film has never been investigated systematically.
Herein, the bilayer Mo thin films with fixed total thickness of 600 nm were sputtered on the SLG substrates by using the DC/DC and RF/DC mode, and the electrical properties and reflectance of the films were studied in detail. Specifically, the bottom layers with different thickness were sputtered at higher sputtering pressure in DC and RF modes for better adhesion and reflectance, while the top layers were sputtered at lower pressure in DC mode for better conductivity. The effects of sputtering mode and thickness ratio on the properties of bilayer Mo thin films were systematically investigated. The results show that all bilayer films display good adhesion and conductivity. In especial, the bilayer Mo films, obtained in the RF/DC mode with the thickness ratio of 40%, exhibit higher reflectance and lower resistivity. Using the optimized Mo thin films as electrodes, the highest efficiency of 11.5% was achieved for the CIGS thin film solar cells.
II. MATERIALS AND METHODS

A. Film fabrication
Mo bilayer films were sputtered onto 20mm×20 mm× 1 mm soda lime glass substrates (SLG) using DC/DC and RF/DC magnetron sputtering, with a 99.97% pure Mo target, respectively. The base pressure within the chamber before the deposition process was approximately 2.0×10 −4 Pa. Before the experiments, the SLG substrates were ultrasonically pre-cleaned using acetone, ethanol and deionized water in sequence, and then dried by blowing with pure N 2 gas (99.99%). Prior to each deposition, the targets were pre-sputtered for 15 min to remove any contamination from the surface of the target. The distance between target and substrate was maintained at 80 mm and all films were grown at room temperature using a water-cooled target. To ensure good surface morphology, all samples were deposited on a rotating substrate. A quartz crystal film thickness gauge was used to control the thickness of Mo thin films during the sputtering process. The parameters and conditions of the sputtering process are listed in Table I . About 1.5 µm thick CIGS absorbers were deposited on the sputtered Mo electrode/SLG substrates with a 3-stage co-evaporation process. 27 CdS buffer layers grown with chemical bath deposition (CBD) method (∼50 nm), sputtered intrinsic zinc oxide (i-ZnO)(∼80 nm)/n-type indium tin oxide (ITO) (∼250 nm) window layers and evaporated 500 nm thick aluminum (Al) grid electrode were in sequence deposited. The CIGS thin film solar cells with the structure of glass/Mo/CIGS absorber/CdS/i-ZnO/n-ITO/Al were then fabricated. No anti-reflection coating was employed here.
B. Characterization of Mo thin films
The influences of process parameters on the crystallographic properties of the Mo films were observed by X-ray diffraction (XRD, Panalytical, X'Pert Pro) using Cu Kα radiation (0.15406 nm) in 2θ scanning mode with 0.02 • step size. Scanning electron microscopy (SEM, ZEISS, Merlin) at an operating voltage of 6 kV was performed to characterize the morphology of the sputtered bilayer Mo thin films. An atomic force microscope (AFM, SPA-400) working in tapping mode with a scan peed of 3 Hz and a scan area of 5 µm was used to determine the surface roughness of the films. The reflectance was measured by UV-visible spectrophotometer (Hitachi U-4100) in the wavelength range of 300-1200 nm. The degree of adhesion was qualitatively tested using a Scotch tape test. The electrical parameters, such as carrier concentration and mobility were measured by the Hall Effect measurement system, HMS ECOPIA 3000 with a magnetic field of 0.57 T and probe current of 10 mA for all the samples. The grain sizes (D) of the films was calculated using the Scherrer formula: 28
Here, λ is the X-ray wavelength (0.15406 nm) and β is the full width at half maximum (FWHM) of the film diffraction peak at 2θ in radians and θ is the Bragg's diffraction angle in degrees. The microstrain, ε and dislocation density, δ developed in the thin films are calculated from Eqs. (2) and (3), respectively 29, 30 
Here, n is a factor, which is almost equal to unity for minimum dislocation density and D is the grain size.
III. RESULTS AND DISCUSSION
A. Crystal structure Fig. 1 shows the XRD patterns of the Mo films with different thickness ratios of the bottom layer to total thickness, which were deposited in DC/DC and RF/DC modes. All the films exhibit the growth with a preferred orientation along the (110) plane, which is typical for Mo with a body centered cubic (bcc) structure (JCPDS Card No. 3-065-7442). This is ascribed to the fact that the (110) plane of the bcc phase generally has the lowest surface energy and thus it tends to grow preferentially. 31 For the two modes, as the thickness ratio increases, the intensity of the (110) diffraction peak decreases accompanied by the increase of the FWHM. This suggests that the crystallinity of the Mo films is inversely proportional to the thickness ratio. The variation of the FWHM, the grain size, the Hall mobility, the carrier concentration and the roughness of the Mo thin films with different thickness ratios are listed in Table II . It shows that the grain size gradually decreases when the thickness ratio increases from 10% to 50%, which may be due to the number decrease of sputtered atoms with higher energy when the thickness ratio increases. During the sputtering process, the working pressure is closely related to the energy of sputtered atoms/ions, and higher pressures enhance the probability of collisions between atoms or ions, leading to the reduction of the atom/ion energy. At very low working pressures, high bombardment energy is delivered to the Mo thin films, resulting in enhanced atomic peening. This can produce denser films and compressive stress. In addition, the higher energy increases atomic mobility and diffusivity, facilitating their nucleation and growth on the substrate. 32 Thus, when the thickness of the Mo films remains unchanged, with the increase of the thickness ratio, the number of sputtered Mo atoms with higher energy is reduced. Then, the surface mobility and diffusivity of the atoms in the whole Mo film are also reduced, correspondingly. Based on the analysis mentioned above, the changes of the properties and microstructures of the Mo thin films deposited with different thickness ratios can be clearly verified. Moreover, the grain size of Mo thin films deposited in RF/DC mode is smaller than that in DC/DC mode at the same thickness ratio. It can be attributed to lower sputtering rate and lower sputtering kinetic energy of Mo films deposited in RF mode under the same condition. Thus, the grain size and surface roughness are smaller, and the surface is smoother. Fig. 2a and b show the lattice parameter and strain variations of (110) crystal orientation of Mo thin films with different thickness ratios deposited in DC/DC and RF /DC modes, respectively. Dotted lines in the graphs stand for the equilibrium lattice parameter value, which correspond to 0% strain. For both modes, when the thickness ratio increases, the compressive strain decreases and then turns into tensile strain. Thus, the adherence of Mo thin films to SLG substrate becomes better and better. In addition, it can be clearly seen from Fig. 2a and b that as the thickness ratio increases, the compressive strain decreases, while the tensile strain gradually increases, reaches a maximum value at 40%, and then decreases. It may be that as the thickness ratio increases, the grains size of the Mo films become smaller and the surfaces of the films become flatter and smoother. As a result, the adhesion between the film and the substrate becomes stronger, and the compressive strain decreases. In addition, the tensile strain decreases when the thickness ratio is 50%. It originates from the increasing porosity in Mo films due to the more voids. 22 From the results and analysis aforementioned, it can be postulated that both compressive strain and tensile strain are responsible for grain growth in Mo thin films. The decrease in compressive strain increases the physical distance between two or more neighboring grains, which leads to the occurrence of lattice relaxation. Thus, the lattice parameter value is getting closer to the equilibrium lattice parameter value. In addition, the decreasing particle kinetic energy reduces grain boundary migration and in turn facilitates the decrease of grain size. Therefore, it can be concluded that with the increase of the thickness ratio, the adhesion of the films becomes better, the lattice parameter becomes closer to the equilibrium lattice parameter and the grain size becomes smaller. Additionally, compressive strain for Mo thin films deposited in RF/DC mode is lower than that in DC/DC mode, demonstrating better adhesion of Mo thin films in RF/DC mode. Owing to lower kinetic energy of the films obtained in RF/DC mode, the migration of grain boundary is lower, resulting in smaller grain size, lower compressive strain and higher tensile strain. Fig. 3 displays the SEM images of Mo thin films with different thickness ratios deposited in DC/DC mode. As shown in Fig. 3a-Fig. 3e , all the films consist of elongated particles with uniform size distribution. With the increase of thickness ratios, the grain size of Mo thin films decreases slightly. In addition, following the reduction of thickness ratios, the surfaces of Mo thin films become rougher, which can be illustrated by AFM, and the root mean square (RMS) roughness is listed in Table II . Specifically, for the Mo thin films deposited in DC/DC mode, the RMS roughness gradually decreases from 5.36 nm to 2.62 nm when the thickness ratios increase from 10% to 50%, which can be attributed to the decrease of grain sizes owing to the fewer sputtered particles with higher energy. It was also reported that lower surface roughness could be obtained for smaller grain cluster due to smaller height difference between a particular grain's peak and base. 33 Cross sections of all Mo films are similar to Fig. 3f , they have columnar structures with the thickness of about 600 nm which are also similar to other reports. 34, 35 Fig . 4 shows the SEM images of Mo thin films with different thickness ratios deposited in RF/DC mode, from which similar results can be obtained as those prepared in DC/DC mode. The films are also composed of elongated particles, and the grain size of Mo thin films decreases slightly with the increase of thickness ratios. When the thickness ratios increased from 10% to 50%, the RMS surface roughness of Mo thin films deposited in RF/DC mode decreases from 4.85 nm to 2.36 nm (see Table II ). The films with lower thickness ratios show rougher surfaces. However, for Mo thin film with the thickness ratio of 50%, the number of voids of Mo thin film significantly increases owing to more Mo atoms with lower energy, as shown in Fig. 4e . This will dramatically affect the density and performance of Mo thin film. The cross section of Mo bilayer film prepared in RF/DC mode is shown in Fig. 4f . Again, it exhibits columnar structure. It is worth mentioning that the grain size of Mo thin films deposited in RF/DC mode is smaller than DC/DC mode at the same thickness ratio, because the energy of Mo atoms achieved in RF mode is lower than DC mode. Thus, the RMS roughness of the films is also smaller than that in DC/DC mode. Additionally, it can be seen from the cross section that the columnar crystals of Mo thin film deposited in RF/DC mode are smaller than DC/DC mode at the same thickness ratio.
B. Surface morphology
C. Electrical properties
The average microstrain (ε) in Mo thin films, originating from dislocations, was calculated by using Eq. (2), the dislocation density (δ) was calculated from the (110) reflections using the Williamson and Smallman's formula of Eq. (3). The results are represented in Fig. 5 . It is clear that both microstrain and dislocation density increase with the increase of thickness ratio, which can directly increase the resistivity of Mo thin films. In addition, it is found from Table II that with the increase of microstrain and dislocation density, the carrier mobility decreases, and the electrical resistivity increases. In fact, the resistivity is caused by the mean squared microstrain. Additionally, there's a linear relationship between microstrain and dislocation density. [36] [37] [38] Thus, the resistivity shows a linearly increasing relationship with the increasing dislocation density. The electrical properties of Mo thin films are also summarized in Fig. 6 . It can be seen that all the resistivity values are larger than that of bulk Mo (ρ 0 =5.46×10 -6 Ω·cm). 40 When the thickness ratios increase from 10% to 50%, the resistivity of Mo thin films deposited in DC/DC mode increases from about 2.5×10 -5 Ω·cm to 3.5×10 -5 Ω·cm, while for RF/DC mode, it increases from about 2.7×10 -5 Ω·cm to 3.8×10 -5 Ω·cm.
Electron conduction mechanism is dependent on the electron scattering process induced by structural imperfections, such as grain boundaries, dislocation, impurities, microstrain and point defects.
In general, a decrease in the grain size in thin films means an increased number of grain boundaries (GBs), where charge carriers have to cross during the electrical transport. 3 At the same time, the grain boundaries in the materials are often considered as the source of dislocations. Therefore, when the thickness ratios increase from 10% to 50%, the grain size decreases, the number of grain boundaries and dislocation density increase, and carrier mobility and carrier concentration decrease. Apart from the decrease in grain size, the randomly distributed dislocation core, which causes resonance scattering of the Fermi electrons, also contributes to the resistivity variation in film through carrier mobility limitation. 41 According to electron scattering theory, the change of resistivity mainly results from the scattering of electrons in atoms around the vacancies or voids at grain boundaries. In this study, as the thickness ratio increases, the grain sizes become smaller and then the more grain boundaries appear. Thus, the more vacancies or voids are formed. Therefore, the electron scattering becomes stronger. In addition, Mo thin films deposited in RF/DC mode have smaller grain sizes, more grain boundaries and stronger electron scattering. Thus, their resistivities are higher than those in DC/DC mode.
D. Optical properties
The reflectance of Mo thin film is also crucial to solar cells efficiency. Maximizing the light reflectance of Mo thin films allows more photons to be absorbed, which is particularly true for submicron CIGS. 42 Fig. 7 shows the reflectance of Mo thin films with different thickness ratios deposited in DC/DC and RF/DC modes, respectively. When the thickness ratios are lower than 40%, Mo thin films with higher thickness ratio of the bottom layers exhibit higher reflectance. The reflectance increases with the increase of the thickness ratio, at 40%, it reaches up to the maximum. Then, with further increase of the thickness ratio, the reflectance decreases instead. These changes are attributed to the decreasing light scattering due to the decreasing surface roughness of Mo thin films. As mentioned above, the surface roughness decreases when the thickness ratios increase. The decrease of roughness can reduce the amount of reflected light perpendicular to the surface. When the thickness ratios increase from 10% to 40%, the reflectance follows this rule exactly. However, the reflectance has an abrupt decrease at 50%, implying that the microstructures of Mo thin film could have an obvious change and result in higher light scattering. The significant change of the microstructure is related to porosity formation along grain boundaries when the thickness ratio of bottom layer is 50% and more voids bring about higher light scattering as shown in Fig. 3e and 4e . Such an evolution of porous structure at the grain boundaries has already been observed from the TEM study of Mo films by Drusedau et al, Mo films deposited at high pressure of 4.7 Pa showed a substantial fraction of inter-columnar voids as large as 10 nm, while those deposited at low pressure of 0.45 Pa exhibited densely packed columns. 43 When the thickness of the whole thin film is keeping constant, increasing thickness ratio of the bottom layer results in the increasing thickness of Mo film deposited at higher pressure, so the porosity becomes higher. These results mean that the optical reflectance is very sensitive to the void formation, but less to the variation in grain size, which is characteristic of the microstructural variation when the thickness ratio is 50%. On the contrary, when the thickness ratio range from 10% to 40%, the optical reflectance is very sensitive to the grain size, but less to the variation in the void formation. It is consistent with the results reported by Yoon et al. 3 Moreover, Mo thin films deposited in RF/DC mode with same thickness ratio exhibit better reflectance than DC/DC mode. As the grain size of Mo thin film deposited in RF/DC mode is smaller than that in DC/DC mode, the surface roughness and porosity number are reduced. Furthermore, compared with the DC/DC mode, the density and reflectance of the films deposited in RF/DC mode are higher. It originates from that the sputtering rate is lower and the film is more uniform. Thus, the reflectance is higher than the films deposited in DC/DC mode.
As discussed above, for DC/DC mode, when the thickness ratio is 10%, Mo thin films gain the highest conductivity but the lowest reflectance. When the thickness ratio is 40%, the reflectance is the highest, but the conductivity is poor. Additionally, when the thickness ratio of the Mo film deposited in RF/DC is 40%, the resistivity is 3.365 × 10 -5 Ω·cm, which is very close to the resistivity of Mo films prepared in DC/DC mode (3.246 × 10 -5 Ω·cm), but the reflectance is much higher than that in DC/DC mode.
The CIGS thin film solar cells with the glass/Mo/CIGS absorber/CdS/i-ZnO/n-ITO/Al grid structures are fabricated on the as-prepared Mo electrodes in different sputtering modes with different thickness ratios. Fig. 8 shows the current-voltage (I-V) parameters as a function of thickness ratio and sputtering mode of Mo electrodes. It is found that the open circuit voltage (Voc) is kept relatively constant between 510 mV and 535 mV for all CIGS thin films as shown in Fig. 8a . Fill factor (FF) of CIGS thin films decreases with the increasing thickness ratios of sputtered Mo electrodes, which is related to the increase of resistivity. Short circuit current density (J sc ) for the CIGS solar cell with Mo electrodes deposited in RF/DC and DC/DC mode increases with the increase of thickness ratio. The increase of J sc is mainly comes from the light absorption. The photo-conversion efficiency of the CIGS thin film solar cells with Mo electrodes changes in ranging of 9.5-11.5%. Furthermore, for the Mo film with 40% thickness ratio in RF/DC sputtering mode shows excellent comprehensive performance, its resistivity reaches to 3.365 ×10 -5 Ω·cm and the reflectance is above 60%. Using this optimized Mo thin films as electrodes, the maximum photo-conversion efficiency of 11.5% is achieved for the copper indium gallium selenium (CIGS) solar cells. The results indicate that under the not obvious difference of the resistivity, the higher reflectance, the higher the photo-conversion efficiency of CIGS solar cells with bilayer Mo films is, while under the not obvious difference of reflectance, the higher resistivity, the higher the photo-conversion efficiency of CIGS solar cells with bilayer Mo films is. 
IV. CONCLUSION
In summary, the effects of variations in the thickness ratios and sputtering modes of Mo films on the efficiency of a Cu(In, Ga)Se 2 solar cell were investigated. The Mo bilayer films with different thickness ratios were successfully prepared by DC/DC and RF/DC modes. All samples passed the tape tests for adhesion to the SLG substrate, and all of them consist of elongated particles with uniform size distribution. With the increase of thickness ratios, the resistivity of Mo thin film decreases, and the reflectance first increases and then decreases in both sputtering modes. The variations in microstrain and dislocation density show a coherent relationship with the changes of carrier mobility. Optimal film was achieved when the Mo bilayer film thickness ratio was 40% and deposited in RF/DC mode. This bilayer film exhibited extremely low resistivity of 3.365 ×10 -5 Ω.cm and highest reflectance of above 60%. A maximum photo-conversion efficiency of 11.5% was obtained for the photovoltaic properties of the completed cells.
